The disruption of DNA replication in cells triggers checkpoint responses that slow-down S-phase progression and protect replication fork integrity. These checkpoints are also determinants of cell fate and can help maintain cell viability or trigger cell death pathways. CHK1 has a pivotal role in such S-phase responses. It helps maintain fork integrity during replication stress and protects cells from several catastrophic fates including premature mitosis, premature chromosome condensation and apoptosis. Here we investigated the role of CHK1 in protecting cancer cells from premature mitosis and apoptosis. We show that premature mitosis (characterized by the induction of histone H3 phosphorylation, aberrant chromatin condensation, and persistent RPA foci in arrested S-phase cells) is induced in p53-deficient tumour cells depleted of CHK1 when DNA synthesis is disrupted. These events are accompanied by an activation of Aurora kinase B in S-phase cells that is essential for histone H3 Ser10 phosphorylation. Histone H3 phosphorylation precedes the induction of apoptosis in p53 À / À tumour cell lines but does not appear to be required for this fate as an Aurora kinase inhibitor suppresses phosphorylation of both Aurora B and histone H3 but has little effect on cell death. In contrast, only a small fraction of p53 þ / þ tumour cells shows this premature mitotic response, although they undergo a more rapid and robust apoptotic response. Taken together, our results suggest a novel role for CHK1 in the control of Aurora B activation during DNA replication stress and support the idea that premature mitosis is a distinct cell fate triggered by the disruption of DNA replication when CHK1 function is suppressed.
Subject Category: Cancer
To ensure genetic integrity, cells have elaborate mechanisms that maintain the accuracy of DNA replication and correct errors induced by DNA damage. Damage response pathways efficiently recognize disruptions of DNA replication or structure, arrest cell cycle progression and recruit appropriate repair complexes to preserve the accuracy of genetic information. However, if damage persists they may also commit cells to death. The PIK-like protein kinases Ataxiatelangiectasia mutated (ATM) and ATM and Rad3-related (ATR) are major coordinators of the damage response.
1 ATM delays DNA replication and the onset of mitosis primarily in response to DNA ends generated by double-strand breaks induced by DNA-damaging agents such as ionizing radiation through a complex signalling cascade including p53, CHK2 and the MRE11-NBS1-RAD50 complex as phosphorylation targets. 2 This signalling cascade may also trigger apoptosis through p53-mediated transcriptional activation of pro-apoptotic genes such as BAX and PUMA. 3, 4 ATR and its downstream phosphorylation target CHK1 are largely activated as a result of single-strand (ss) DNA formation that occurs during disruption of DNA replication. DNA lesions or disruptions of DNA precursor supply can lead to an uncoupling of the replication and helicase complexes to produce ssDNA. 5 ssDNA is rapidly coated by the replication protein A (RPA) complex that, in turn, recruits ATR through the ATR-interacting protein (ATRIP). 6 The formation of this complex drives the activation of CHK1 through phosphorylation at Ser345 and Ser317. 7, 8 Activated CHK1 then plays pivotal roles in coordinating cellular responses to replication stress, slowing S-phase progression by suppressing inappropriate firing of replication origins, maintaining fork integrity, facilitating resolution of stalled forks and triggering G2/M arrest. [9] [10] [11] [12] DNA damage response pathways are frequently mutated in individuals with inherited forms of cancer predisposition, 1 and there is ample evidence that these changes accelerate the accumulation of genetic alterations that drive tumour-cell development. However, these adaptations may also serve to protect tumour cells from replication stress or DNA damage resulting from oncogene transformation. [13] [14] [15] [16] In particular, work from a number of laboratories has identified the ATR-CHK1 pathway as a key mediator of cell death in response to DNA replication stress or some types of DNA damage. [17] [18] [19] Inhibition or siRNA-mediated depletion of ATR or CHK1 triggers cell death in cells in response to DNA replication stress, particularly in tumour cells where oncogene activation may inappropriately drive DNA replication. As a result, there has been renewed interest in the use of CHK1 inhibitors for therapies that target tumour cells. [20] [21] [22] [23] Loss of ATR or CHK1 function has also been shown to commit cells to other fates such as induction of premature chromosome condensation (PCC) 24 or mitotic catastrophe. 25 However, the molecular pathways that determine the fate of such cells and the relationships between these different outcomes are not well understood. Here we investigated the role of mitotic catastrophe in the induction of death in tumour cells depleted of CHK1. We show that premature mitosis is mainly induced in p53-deficient tumour cells depleted of CHK1 when DNA synthesis is inhibited through the premature induction of Aurora B kinase in S-phase cells. Although this induction precedes the onset of apoptosis, it is not required for this fate.
Results
Premature Ser10 phosphorylation of histone H3 and aberrant chromosome condensation in tumour cells depleted of CHK1. Previous studies have shown premature phosphorylation of histone H3 in cells defective in CHK1 function. 10, 25, 26 To determine whether HCT116 cells showed a similar premature mitotic response when CHK1 function was compromised, control and CHK1-depleted cultures treated or not treated with thymidine for 24 h were collected and analysed for DNA content and histone H3 Ser10 phosphorylation by flow cytometry. In cultures treated with control or CHK1 siRNAs or thymidine alone, pSer10 histoneH3 was detected only in cells with a 4-N DNA content (Figures 1a and b) . In contrast, phospho-histone H3 was clearly evident in cells with an S-phase DNA content as well as cells with a 4-N DNA content after CHK1 depletion and thymidine treatment. Although the frequency of S-phase cells showing histone H3 phosphorylation was very low in HCT116, it was significantly higher in the p53 À / À derivative (Figures 1b and c) . Similar results were obtained with another p53 defective colon cancer cell line SW480 (Supplementary Figure S1) .
To determine whether mitotic arrest induced by nocodazole affected the frequency of cells showing premature phosphorylation of histone H3, control or CHK1 siRNA-transfected HCT116 or HCT116 p53 À / À cells were treated with nocodazole for 16 h in the presence or absence of thymidine before collection and analysis of phosphorylated histone H3 and DNA content by flow cytometry as above. Nocodazole treatment clearly increased the frequency of cells with a G2/M (4N) DNA content exhibiting histone H3 phosphorylation. However, it did not further alter the frequency of S-phase HCT116 or HCT116 p53 À / À cells containing pSer10 histone H3 (Figures 1b and d) . Thus, DNA replication stress in CHK1-depleted HCT116 or p53 À / À tumour cells triggers premature histone H3 phosphorylation in response to DNA replication stress, and this is not affected by agents that cause mitotic arrest. Our data also suggest that p53 helps protect these tumour cells from such premature mitosis.
CHK1-depleted cells treated with thymidine were also fixed and analysed for pSer10 histone H3 and RPA2 by immunofluorescence. RPA2 forms foci at replication forks during DNA replication stress and this is greatly enhanced in CHK1-depleted cells. 27 Therefore, cells showing both RPA2 foci and phospho-histone H3 staining indicate premature entry into mitosis before completion of replication. pSer10-histone H3-positive cells showing clear RPA foci were evident in CHK1-depleted HCT116 or HCT116 p53 À / À cultures treated with thymidine ( Figure 2a ). These cells also showed aberrant patterns of chromosome condensation (Figure 2a , white arrow indicates a normal mitosis and yellow arrows, aberrant mitoses). In addition, these cultures presented other features of mitotic catastrophe such as the appearance of multinucleate cells 28 ( Figure 2b , green arrows). Aberrant mitoses are found in a high proportion of cells showing histone H3 phosphorylation in both HCT116 and HCT116 p53 À / À CHK1-depleted cultures treated with thymidine ( Figure 2c) . However, the frequency of multinucleate cells is low and appears to depend upon p53 and CHK1 status rather than replication stress (Figure 2d ).
Premature entry into mitosis in CHK1-depleted cells is not dependent on CDC45. We previously showed that enhanced formation of RPA foci, RPA2 hyperphosphorylation, elevated levels of gH2AX and increased apoptosis in CHK1-depleted cells treated with replication inhibitors are dependent upon the replication helicase co-factor CDC45. 27, 29 To determine whether premature entry into mitosis in CHK1-depleted cells showed a similar dependency on this protein, HCT116 or HCT116 p53 À / À cultures transfected, with either control or CHK1 and/or CDC45 siRNAs were treated or not with thymidine for 24 h, collected and analysed for DNA and pSer10-histone H3 content by flow cytometry. Despite the general suppression of events triggered by CHK1 depletion during replication stress in CDC45-depleted cells, there was no decrease in the frequencies of pSer10-histone-H3-positive cells with a o4-N DNA content (Figures 3a-c) .
CHK1 depletion does not lead to aberrant activation of cyclin B-CDK1 in HCT116 cells. In human cells, mitosis is initiated through localized activation of CDK1 and its binding to the regulatory partner Cyclin B, whose level rises in late S phase and peaks in mitosis. 30 Previous work showed that Chk1 deletion in mouse ES cells led to activation of the cyclinB-Cdk1 complex (through loss of inhibitory phosphorylation at Tyr15 in Cdk1) followed by premature mitosis and cell death. 25 To determine whether a similar mechanism drove premature mitosis and death in colon cancer cells, we analysed the levels of proteins regulating the S-G2 transition in CHK1-depleted HCT116 or HCT116 p53 À / À cells in the presence or absence of thymidine. p53 is stabilized after a 24-h treatment with thymidine and is further upregulated in CHK1-depleted HCT116 cells ( Figure 4 ). As previously reported, 18 the downstream effector CDKN1A/p21 is not significantly affected after 24-h treatment with thymidine but is upregulated in CHK1-depleted cells treated with thymidine. Phosphorylation of CHK2 at Thr68 also increased, indicating activation of the ATM-CHK2 signalling cascade. CHK1 is phosphorylated at Ser345 in thymidine-treated HCT116 and HCT116 p53 À / À cells, but CHK1 depletion largely eliminates this response. Cyclin B1 levels remain elevated in CHK1-depleted cells after thymidine treatment. Importantly, the inhibitory phosphorylation of CDK1 at Tyr15 triggered by the S-phase checkpoint in thymidine-treated cells is still evident after CHK1 depletion, thus limiting progression of such cells into G2/M. Similar results were obtained with SW480 cells (Supplementary Figure S2) . Although CHK2 depletion alone caused a detectable reduction in pTyr15 CDK1 and cyclin B stability, co-depletion of CHK1 and 2 or treatment with an inhibitor of both checkpoint kinases (AZD7762) did not affect pTyr15 CDK1 or cyclin B levels (Supplementary Figure S3 ). Yet, despite the inhibitory phosphorylation of CDK1 when CHK1 is depleted, histone H3 phosphorylation increases in both HCT116 parental and p53 À / À cells ( Figure 4 ).
Autophosphorylation of Aurora kinases in S-phase cells depleted of CHK1. In mitotic cells, histone H3 is phosphorylated on Ser10 by Aurora Kinase B following its activation by phosphorylation at a number of sites including the activation of autophosphorylation site at Thr232. 31 To determine whether Ser10 phosphorylation of histone H3 in S-phase cells was accompanied by autophosphorylation of Aurora kinase B, CHK1-depleted cells treated with thymidine for 24 h were collected for western blot analysis. HCT116 p53 À / À or SW480 cultures treated with thymidine alone showed lower levels of histone H3 or Aurora B phosphorylation than control (Figure 5a, Supplementary Figure S2 ), most likely due to the arrest of such cells in S-phase. However, when CHK1-depleted cells were treated with thymidine, phosphorylation of both histone H3 and Aurora B was enhanced relative to cells depleted of CHK1 alone. Interestingly, Aurora A was also phosphorylated at Thr288 during this treatment; however, Aurora A is not required for Ser10 histone H3 phosphorylation due to its differential targeting on the centrosome, distinct from Aurora B on the centromere. The specific Aurora B inhibitors ZM447439 and AZD1152 substantially reduced phosphorylated forms of Aurora B and histone H3 in CHK1-depleted cells, whereas the Aurora A-specific inhibitor MLN8237 did not reduce Aurora kinase B phosphorylation or histone H3 phosphorylation (Figure 5b ). Taken together, these data prove that histone H3 phosphorylation in CHK1-depleted tumour cells treated with thymidine was the result of Aurora B activity. Consistently, these inhibitors did not affect the levels of cyclin B, pTyr15 CDK1 or phosphorylated forms of RPA2.
To determine whether Aurora B autophosphorylation occurred in S-phase cells, cultures treated with CHK1 siRNA in the presence or absence of thymidine as above were collected and analysed for DNA content, pSer10 histone H3 and pThr232 Aurora B by flow cytometry. These analyses showed clear induction of both phosphorylated proteins in (Figures 6a and b) . Consistently, phosphorylation of both Aurora B and histone H3 was reduced in cells treated with the aurora kinase inhibitor ZM447439. 33 To determine whether the cells showing phosphorylation of Aurora B also showed phosphorylation of histone H3, CHK1-depleted HCT116 p53 À / À cells treated with thymidine for 24 h were fixed and stained for pSer10-histone H3 and pThr232 Aurora B content using mouse anti-pSer10 histone H3 and rabbit anti-phospho Aurora kinase antibodies. Alexa Fluor 647-R-Phycoerythrin goat anti-mouse IgG and FITC goat anti-rabbit IgG were then used to visualize the proteins by flow cytometry. Cells gated for phospho-Aurora kinase were then analysed for phospho-histone H3, whereas cells gated for phospho-histone H3 were subsequently analysed for phospho-Aurora kinase (Figure 6c ). This analysis revealed that the cells containing elevated phospho-Aurora kinase also contained elevated phospho-histone H3. Similarly, cells first gated for phospho-histone H3 content had elevated phosphoAurora kinase. CHK1-depleted SW480 cells gave similar results (Supplementary Figure S4) . Taken together, our results show that CHK1 depletion triggers autophosphorylation of Aurora B in S-phase cells during DNA replication stress and that this activation of Aurora B is necessary for histone H3 phosphorylation on Ser10.
To determine whether activated Aurora kinase B could be detected at the site of stalled replication forks, CHK1-depleted HCT116 cells treated with thymidine were fixed and co-stained for phosphorylated forms of Aurora kinase and RPA foci (Supplementary Figure S5) . While it is important to note that the antibody employed detects the phosphorylated (active) forms of Aurora kinases A, B and C, there was no indication of co-localization of any of the active Aurora kinases with RPA foci. The dispersed focal pattern of staining of the phosphorylated Aurora kinases was typically found in cells with aberrant chromosome condensation after such treatment and was not found in control cells.
Phosphorylation of histone H3 is not necessary for the induction of apoptosis in CHK1-depleted HCT116 cells treated with thymidine. To investigate the relationship between histone H3 phosphorylation in S-phase and apoptosis, we followed accumulation of these cells together with the onset of apoptosis. CHK1-depleted HCT116 p53 À / À cells were treated with thymidine and then collected at various times up to 48 h. Cells were fixed and the levels of pSer10-histone H3 and DNA content were measured by flow cytometry. Cells with a o4-N DNA content showing histone H3 Ser10 phosphorylation increased by 18 h after thymidine treatment reaching a peak at 24 h (Figure 6d ). After that the fraction of S-phase cells containing pSer10 histone H3 declined. Control cells or cells treated with thymidine alone or CHK1 siRNA alone showed little change in the level of pSer10 histone H3 (Supplementary Figure S6) . pSer10-histone H3-containing cells with a 4-N DNA content depleted of CHK1 decreased after thymidine treatment (reflecting the slower transition of cells through S-phase) but then increased at 18-24 h before falling at later times Supplementary Figure S7) . However, the frequency of these cells was lower than those showing pSer10-histone H3 in S-phase. The appearance of p53 À / À cells with a subG1 DNA content lagged behind, initially increasing at 24 h and reaching a maximum at 40-48 h post thymidine treatment (Figure 6d) . Similar results were obtained with SW480 cells (Supplementary Figure S4D) . Thus, the accumulation of subG1 cells distinctly follows the induction of histoneH3 phosphorylation.
In CHK1-depleted HCT116 (p53 þ / þ ) cultures treated with thymidine, the level of cells with an S-phase DNA content showing pSer10-histoneH3 is highest at 24 h, but the frequency of these is significantly lower than that in the p53 À / À cultures (o4% of the cell population). The accumulation of cells with a subG1 DNA content begins earlier in p53 þ / þ HCT116 and reaches much higher levels (Supplementary Figure S8) .
Despite the sequential onset of Ser10-histone H3 phosphorylation and subG1 cell appearance, inhibition of Ser10-histone H3 phosphorylation in p53 À / À HCT116 or SW480 cells by the Aurora B inhibitor ZM447439 had only a small effect on cell death (Figure 6d, Supplementary Figure S4D ). CHK1-depleted HCT116 p53 À / À or SW480 cells treated with thymidine show a pronounced decrease in the level of pSer10-histone H3 after treatment with ZM447439 but only a small decrease in the level of cells with a subG1 DNA content. Consistent with another report, 34 ZM447439 alone had little effect on apoptosis over the time period used in these experiments (Supplementary Figure S9) . Induction of polyploidy was observed following treatment of our cells with Figure 4 CDK1 phosphorylation is maintained in CHK1-depleted HCT116 cells during DNA replication stress. Western blot analysis of indicated S-phase regulatory proteins from extracts of HCT116 or HCT116 p53 À / À cells pretreated with CHK1 or control siRNAs and exposed or not exposed to thymidine (2 mM, 24 h). b-Actin levels are presented as loading controls CHK1 suppresses Aurora B activation P Zuazua-Villar et al ZM447439 alone, consistent with Aurora B inhibition and the prevention of cytokinesis (see Figure 6a ), but this phenotype was not seen in cells treated with both ZM447439 and thymidine as such cells fail to traverse mitosis. Taken together, our data suggest that pSer10-histone H3 induction precedes the onset of cell death but is not required for its execution.
Discussion
The ATR-CHK1 signalling cascade has a pivotal role in the response of tumour cells to DNA replication stress. In addition to slowing S-phase progression when DNA synthesis is inhibited by arresting inappropriate origin firing and aiding the resolution of stalled replication forks, it protects tumour cells from apoptosis. If the function of this signalling cascade is compromised, a number of catastrophic outcomes have been reported, including the induction of premature mitosis, 10, 25, 26 PCC 24 and apoptosis. [17] [18] [19] The objective of this work was to determine how these different cell fates are related, particularly the relationship between premature mitosis and cell death. We find that premature mitosis (characterized by Aurora B activation, phosphorylation of its substrate histone H3 on Ser10 and aberrant chromosome condensation in cells arrested in S-phase) is only weakly induced in the parental p53 þ / þ colon cancer cell line HCT116 despite a robust apoptotic response. In contrast, p53-deficient colon cancer cell lines show significantly higher levels of premature mitosis but a delayed and lower level of apoptosis. In p53-deficient cells, the increased level of pSer10 histone H3 is accompanied by marked S-phase activation of Aurora B. Furthermore, Aurora B, but not Aurora A, inhibitors prevent Ser10-histone H3 phosphorylation in S-phase cells, suggesting that an inappropriate activation of Aurora B underlies histone H3 phosphorylation. However, the inhibition of Ser10-histone H3 phosphorylation does not significantly affect the onset of apoptosis in these cells. Thus, although Ser10-histone H3 phosphorylation precedes the induction of apoptosis, it is not required for this cell fate. Consistent with this conclusion, CDC45 depletion suppresses the apoptotic response in HCT116 cells; 27 however, it does not affect premature Ser10-histone H3 phosphorylation and thus these cell fates are uncoupled.
Previous work with mouse embryonic stem cells showed that premature mitotic entry induced by targeted knockout of Chk1 was the result of an inappropriate activation of the cyclin B-Cdk1 complex. 25 This activation is thought to occur through the dephosphorylation of Cdk1 at Tyr15 by Cdc25A, a dualspecificity phosphatase. CDC25A is normally targeted for proteasomal degradation by CHK1-mediated phosphorylation following the inhibition of DNA replication. 35 Thus, in CHK1-depleted cells dephosphorylation of CDK1 would be predicted to lead to premature mitotic entry. However, in our tumour cell lines, CDK1 was not dephosphorylated during replication stress after CHK1 depletion. Instead, we found that Aurora B kinase was inappropriately activated in CHK1-depleted Figure 5 Ser10-histone H3 and Aurora kinase B phosphorylation in CHK1-depleted HCT116 p53 À / À cells during replication stress are sensitive to Aurora B inhibitors. Western blot analysis of indicated S-phase regulatory and mitotic proteins from extracts of HCT116 p53 À / À cells pretreated or not with CHK1 or control siRNAs and exposed or not exposed to thymidine (2 mM, 24 h). Effects of co-treatment with the Aurora A inhibitor MLN8237 (10 nM) or the Aurora B inhibitors AZD1152 (50 nM) and ZM447439 (2 mM) are also presented. Inhibitors were added 1 h before cell collection. b-Actin levels are presented as loading controls tumour cells during S-phase arrest and this in turn triggered phosphorylation of its substrate, histone H3. Taken together, these findings suggest that there are two pathways that prevent premature mitosis in tumour cells during DNA replication stress (Figure 7 ). The first is through the inhibition of pTyr15 CDK1 dephosphorylation, while the second is through a CHK1-mediated suppression of Aurora B phosphorylation. How CHK1 controls Aurora B activation during CHK1 suppresses Aurora B activation P Zuazua-Villar et al replication stress is not clear. Phosphatases have been implicated in the regulation of Aurora B, [36] [37] [38] and we speculate that CHK1 may control the activity of a subset of these phosphatases as well as CDC25A. However, chronic transcriptional alterations resulting from CHK1 depletion 39 may also have a role in this process.
Interestingly, CHK1 is thought to contribute to the full activation of Aurora B by phosphorylation at Ser311 during an unperturbed prometaphase. 40 Thus, the suppression of Aurora B activation by CHK1 (direct or indirect) seems counterintuitive. However, this putative suppressive role is only found in cells after CHK1 activation during DNA replication stress. We found no evidence for Aurora B activation during an unperturbed S-phase after CHK1 depletion. To our knowledge, this is also the first report of Aurora B activation in S-phase cells. In support of this finding, Aurora B has been reported to have a role in G1/S transition through its regulation of CDKN1A/p21 expression. 41 In T lymphocytes, it can also form a complex with mTOR to promote the G1/S transition.
42
CHK1-depleted HCT116 cells (p53 þ / þ ) do not exhibit high levels of premature mitosis despite having a robust apoptotic response to replication stress. As loss of p53 delays and reduces the intensity of the death response, it seems likely that apoptosis in the p53 þ / þ cells is triggered by the p53-mediated death pathway.
Given the interest in the use of CHK1 inhibitors in therapy, it is important to understand the mechanism underlying the response of tumours to such agents to improve our ability to predict which tumours will respond most favourably. One of the attractions of CHK1 inhibitors is their ability to kill p53 À / À tumour cells. Further work should make it possible to understand how further exploitation of these pathways can enhance the induction of death in such tumour cells.
Materials and Methods
Cell lines and cultures. HCT116 and SW480 human colon cancer cell lines were obtained from ATCC. The HCT116 p53 À / À derivative was generously provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD). Cells were maintained in DMEM supplemented with 10% foetal bovine serum (FBS). For experiments using thymidine, dialysed FBS was used to remove deoxynucleosides that might alter the cellular response to this agent. The Aurora kinase B inhibitors (ZM447439 and AZD1152) and the Aurora A inhibitor MLN8237 43 were all obtained from Selleckchem, Houston, TX). They were added at the indicated concentrations at the same time as thymidine treatment in the flow cytometry experiments or 1 h before cell harvest for western blot analysis. The CHK1/CHK2 inhibitor AZD7762 obtained from Selleckchem and was added 1 h before thymidine treatment. Nocodazole (0.2 mg/ml) was added 16 h before cell collection to arrest cells in pro-metaphase.
SiRNA transfection. The sequences for the CHK1 and CHK2 siRNAs used in these experiments were 5 0 -GAAGCAGUCGCAGUGAAGA-3 0 and 5 0 -AACCUGAGGACCAAGAA-3 0 , respectively, as described previously.
18,29 Figure 6 Aurora kinase autophosphorylation is required for Ser10-histone H3 phosphorylation in S-phase CHK1-depleted p53 À / À HCT116 cells but is not required for cell death. (a) Control or CHK1-depleted HCT116 p53 À / À cells were exposed or not exposed to 2 mM thymidine (TdR) for 24 h before collection and analysis of pSer10-histone H3, phospho-Aurora kinase and DNA content by flow cytometry. Cells showing elevated levels of the indicated phospho-proteins are gated and the % of cells presenting elevated levels is indicated. Effects of the Aurora B inhibitor (ZM447439, 2 mM, 24 h) treatment are also presented. It is important to note that Aurora B inhibition has been reported to induce polyploidy; 34 however, when the cells are treated with ZM447439 and thymidine, they fail to traverse mitosis. (b) Mean values (± S.D.) for three independent experiments as presented above. (c) CHK1-depleted HCT116 p53 À / À cells exposed to thymidine for 24 h were fixed and stained for pSer10-histone H3 and phospho-Aurora kinase content using mouse anti-pSer10-histone H3 and rabbit anti-phospho Aurora kinase. Alexa Fluor 647-R-Phycoerythrin goat anti-mouse IgG and FITC goat anti-rabbit IgG were then used to visualize the proteins by flow cytometry. Cells gated for phospho-Aurora kinase were then analysed for pSer10-histone H3. Similarly, cells gated for pSer10-histone H3 were subsequently analysed for phospho-Aurora kinase. Analyses show that gated cell populations co-stain for both proteins. (d) CHK1-depleted HCT116 p53 À / À cells exposed to 2 mM thymidine for the indicated times in the presence or absence of 2 mM ZM447439 were collected and analysed for DNA and pSer10-histone H3 content by flow cytometry. The percentages of cells with a subG1 DNA content or showing histone H3 phosphorylation presented are mean values from three independent experiments ± S.D. Figure 7 Model for control of premature mitosis during DNA replication stress. Mitosis is triggered when activated CDK1 binds to its regulatory partner cyclinB. During DNA replication stress, activation of ATR elicits phosphorylation of CHK1 that, in turn, phosphorylates CDC25A, targeting it for ubiquitin-mediated degradation. In the absence of CDC25A, pTyr15 CDK1 is not dephosphorylated to active CDK1 thus preventing the onset of mitosis. In CHK1-depleted HCT116 cells, CDK1 phosphorylation at Tyr15 is unexpectedly sustained, which should suppress the initiation of mitosis. However, our work indicates that activated CHK1 also suppresses phosphorylation of Aurora B to prevent premature entry into mitosis in cells arrested in S-phase (left). When CHK1 is depleted, Aurora B autophosphorylation is no longer suppressed leading to its activation, histone H3 phosphorylation and premature chromosome condensation (right) CDC45 (M-003232-02) siRNAs were from Dharmacon (Lafayette, CO, USA) and the negative control low GC content siRNA was from Eurofins MWG Operon (London, UK). siRNA duplexes were transfected into cells using DharmaFECT1 (Thermo Scientific, Loughborough, UK) according to the manufacturer's instructions. Twenty-four hours after transfection, cells were treated.
Cell cycle analysis. Cell cycle analysis of floating and adherent cells was carried out as previously described. 18 Cell extraction and western blotting. Whole-cell extracts were prepared as described previously. 44 The cell lysis buffer was supplemented with 500 nM okadaic acid (Merck Chemicals, VWR International, Beeston, UK) when samples were used to analyse Aurora kinase sites of phosphorylation. Proteins were separated by SDS-PAGE and blotted onto nitrocellulose (Schleicher & Schuell). Proteins were detected using the enhanced chemiluminiscence detection system (ECL, Amersham) according to the manufacturer's recommendations using anti-CHK1 (#2345), pAurora: Phospho-Aurora A (Thr288)/Aurora B (Thr232)/ Aurora C (Thr198) (#2914), p21 (#2947), pSer345 CHK1 (#2348), CHK1 (#2360), pThr68 CHK2 (#2661), CHK2 (#2662), pTyr15 CDK1 (#9111) from Cell Signaling, Hitchin, UK; anti-CDC45 (sc-20685), CDK1 (sc-54), Cyclin B1 (sc-245), pSer10 H3 (sc-8656), p53 (sc-126) from Santa Cruz Biotechnology (Wembley, UK) and anti-RPA34 (NA19L) from Calbiochem (Feltham, UK); or anti-b-actin (A-5060) from Sigma-Aldrich (Poole, UK).
Immunofluorescence. Cells were cultured on glass coverslips and treated as indicated. Cells were then fixed with 3% buffered paraformaldehyde for 15 min at RT, incubated in PBS containing 30 mM NH 4 Cl for 5 min and permeabilized in PBS containing 0.5% Triton X-100 for 8 min at RT. For RPA and pS10 Histone H3, cells were incubated with the mouse anti-RPA34 (Calbiochem, NA19L) antibody diluted to 2 mg/ml and rabbit anti-pSer10-Histone H3 (Upstate Biotechnology, Feltham, UK; #06-570) antibody diluted 1:100 for 45 min at RT and detected with a Alexa-594-conjugated goat anti-mouse IgG (A11032; Molecular Probes, Invitrogen, Paisley, UK) and Alexa 488-conjugated goat anti-rabbit IgG (A11008; Molecular Probes, Invitrogen) diluted 1:1000. Antibody dilutions and washes after incubations were performed in PBS containing 0.5% BSA and 0.05% Tween 20. Coverslips were finally mounted in Vectashield mounting medium with DAPI (H-1500; Vector Laboratories, Burlingame, CA, USA). For RPA and phospho Aurora Kinase, a rabbit anti-phospho-Aurora A (Thr288)/Aurora B (Thr232)/Aurora C (Thr198) (Cell Signaling, #2914) diluted 1:50 were used. Mitotic cells were distinguishable from apoptotic cells in which areas of condensed chromatin were totally fragmented and lost the nuclear envelope. Resulting fluorescence was visualized using a Nikon Eclipse T200 microscope equipped with a Hamamatsu Orca ER camera and the Volocity 3.6.1 (Improvision, Cambridge, UK) software or an Olympus FV1000 confocal BX61 upright microscope equipped with a X 60(1.42 NA) objective lens and the Fluoview 3.1 software (Olympus, (Southend-on-Sea, UK). The pictures were further processed by using the Image J software (http://rsbweb.nih.gov/ij/).
Detection of pSer10 histone H3 and phospho-Aurora kinases by flow cytometry. Cells were collected after the treatment, fixed with 70% ice-cold ethanol and stored at À 20 1C. After fixation, cells were washed twice with PBS and incubated for 15 min in PBS-T (PBS/0.1% BSA/0.25% Triton X-100). After centrifugation, the cell pellet was suspended in the same buffer plus an antibody specifically recognizing pSer10 histone H3 (ab-14955, Abcam, Cambridge, UK) diluted 1:500 and/or phospho-Aurora A (Thr288)/Aurora B (Thr232)/Aurora C (Thr198) (#2914, Cell Signaling) diluted 1:50 and incubated for 3 h at room temperature. The cells were then rinsed with PBS containing 0.25% Triton X-100 and incubated with the FITC-conjugated goat anti-rabbit immunoglobulins antibody (sc-2012, Santa Cruz Biotechnology) diluted at a ratio of 1:30 in PBS containing 1% BSA and/or Alexa Fluor 647-R-Phycoerythrin goat anti-mouse IgG (H þ L) (A20990, Life Technologies, Paisley, UK). After a 30-min incubation at room temperature in the dark, the cells were stained with PI solution (PBS with 5 mg/ml PI and 100 mg/ml RNAse A), and cellular fluorescence was measured by flow cytometry (LSRII, Becton Dickinson, Oxford, UK) and analysed using FlowJo software.
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